We have used a nonspecific protein cleaving reagent to map the interactions between subunits of the multisubunit enzyme RNA polymerase (Escherichia coli). We developed suitable conditions for using an untethered Fe-EDTA reagent, which does not bind significantly to proteins. Comparison of the cleaved fragments of the subunits from the core enzyme (a!2313') and the holoenzyme (core + .70) shows that absence of the Or70 subunit is associated with the appearance of several cleavage sites on the subunits fJ (within 10 residues of sequence positions 745, 764, 795, and 812) and 3' (within 10 residues of sequence positions 581, 613, and 728). A cleavage site near 13 residue 604 is present in the holoenzyme but absent in the core, demonstrating that a conformational change occurs when cr70 binds. No differences are observed for the a subunit.
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Gene transcription in living cells is a complex process, with large numbers of protein factors involved in selecting the correct initiation site on DNA and initiating and carrying out RNA synthesis to the appropriate end. The proteins responsible for transcription in both prokaryotic and eukaryotic cells are actively being identified and their functions explored (1) (2) (3) (4) (5) (6) (7) (8) .
Bacterial RNA polymerase is a well-studied example. It is composed of five protein subunits (Ct2f1'o), of which one (o-) is a member of a group of related proteins that convey different DNA-binding specificities. The most common a subunit in Escherichia coli has a mass of 70 kDa and is designated a70.
It has long been known that oa70 binds reversibly to the at23' core enzyme (9) (10) (11) , but the actual binding site has been difficult to identify. This problem has been addressed by chemical cross-linking (12) (13) (14) and by molecular genetics (15) , but identification of the particular amino acid residues on the core subunits involved in oJ7() binding remains a challenge.
Recently, we and others (16) (17) (18) have developed reagents based on small metal chelates that cleave polypeptide chains at sites determined by proximity to the chelate, apparently independent of the amino acid residues involved. Taking advantage of the recently discovered peptide hydrolysis reaction, the chelate may be tethered to a single site (e.g., a cysteine side chain) and used to map its proximity to individual peptide bonds (16) . This methodology has rapidly developed to the point where it can be applied to complex biological systems such as membrane proteins (19) . In addition, untethered iron-EDTA has been used to study the accessibility of sites on the surface of a small DNA-binding protein (20 (24) was used to produce rabbit polyclonal antibodies. The C-terminal 14-mer peptides Leu-Ala-Glu-Leu-Leu-Asn-Ala-Gly-Leu-Gly-Gly-SerAsp-Asn and Leu-Ala-Ser-Arg-Gly-Leu-Ser-Leu-Gly-MetArg-Leu-Glu-Asn, corresponding to residues 1393-1406 of the 1407-residue ,l3' subunit (25) and to residues 307-320 of the 329-residue a subunit (26) , were synthesized on an 8-branch Fmoc-MAP resin with a model 430A peptide synthesizer (Applied Biosystems). After problems were encountered with antisera to the X3 subunit C terminus, the N-terminal 14-mer peptide Met-Val-Tyr-Ser-Tyr-Thr-Glu-Lys-Lys-Arg-Ile-ArgLys-Asp of the 1342-residue ,B subunit (27) was synthesized by Phoenix Pharmaceuticals (Mountain View, CA). Immunizations, boosts, and serum collection with New Zealand White rabbits were performed according to the protocols of Harlow and Lane (28) . The serum was stored in 1-ml aliquots at -70°C until needed.
Aminolink Plus immobilization kits (Pierce) were used to prepare affinity columns to purify the antibodies. Because of the insolubility of each peptide, 2 mg of each MAP was solubilized in coupling buffer (pH 10.5) containing 8 M urea and applied to 2 ml of resin. After overnight incubation at room temperature, each column was washed with 20 ml of the coupling buffer and then treated according to the manufacturer's instructions. One milliliter of antiserum was applied to each column and purified by a standard protocol (28) . The effluent was adjusted to pH 8 with 0.02% sodium azide, and the affinity-purified solution was stored at 4°C until needed (up to 2 months).
Footprinting Reactions. All reactions were performed at 37°C in a cleavage buffer containing 10 mM Mops (pH 7.9), 120 mM NaCl, 10 mM MgCl2, and 1.0 mM EDTA. RNA polymerase was transferred from storage buffer to cleavage buffer via a spin column containing equilibrated Sephadex G-50 (fine) (29 Fragment Separation and Visualization. To separate fragments, electrophoresis was performed using a mini Protean II gel apparatus (Bio-Rad) with 0.75-mm spacers. For separating the fragments of and (3', typically 8% SDS resolving gels were overlaid with 4% stacking gels (30) . The fragments of subunit a were typically separated with a 12% resolving gel and a 4% stacking gel. Several other acrylamide concentrations were used in control experiments to ensure that all the cleaved fragments on all the subunits had been identified. To avoid cleavage of the and (' subunits in the sample application buffer, the RNA polymerase samples were not heated and gel electrophoresis was started within 10 min of thawing. Either Bio-Rad or New England Biolabs broad-range molecular weight markers were used as standards. The markers were combined with 0.20 vol of sample application buffer and heated at 95°C for 3 min. Electrophoresis was performed at 200 V until the bromphenol blue dye front reached the bottom edge of the gel.
After electrophoresis, the gel was equilibrated for 15 minin 10 mM 3-(cyclohexylamino)-1-propanesulfonic acid), pH 11/ 10% methanol electroblotting buffer. Electroblotting was performed with a mini Trans-Blot cell (Bio-Rad) using a Problott membrane (Applied Biosystems) for 3 h at room temperature. Afterward, the membrane was cut to separate the molecular weight makers from the remainder of the blot. The marker lane was stained with Faststain (Zoion) for 20 min and destained with 10% acetic acid/45% methanol. The remainder of the blot was incubated overnight at room temperature in 5% (wt/vol) nonfat milk in TBS (50 mM Tris-HCl, pH 7.4/150 mM NaCl). After incubation the membrane was washed three times with TBS containing 0.05% Tween 20 (TTBS). Typically, 15 ml of affinity-purified antibody solution was combined with S ml of lOx TTBS buffer and 30 ml of H20. The blocked membrane was incubated for 2 h with this primary antibody solution, washed three times with TTBS buffer, and incubated with 50 ml of a 1:3000 dilution of goat anti-rabbit IgG-alkaline phosphatase conjugate (Bio-Rad) in TTBS. After 2 h at room temperature, the blot was washed three times with TTBS and once with TBS. The bands were visualized with 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium using an Immun-Blot assay kit (Bio-Rad).
Fe(III)-EDTA and Fe(II) Binding to Core RNA polymerase.
To make a radiolabeled solution of Fe(III)-EDTA, 20 ,A of 59Fe(II) ( it has recently been demonstrated that a tethered iron-EDTA chelate can hydrolyze-not oxidize-peptide bonds (17) . However, the first process is thought to act at the a-carbon of an amino acid residue, while the second acts at the adjacent carbonyl carbon, so that the products will differ by less than one amino acid residue. This uncertainty is well within the experimental error of the technology available to analyze subpicomole quantities of protein fragments. An alternative approach to protein footprinting is to use a reversible lysinemodifying reagent and a proteolytic enzyme such as a lysinespecific endoproteinase (39) . While practically limited to lysine side chains, this technique might complement the broad sampling of the protein surfaces illustrated in Figs. 2-4 . The more cut sites that can be studied, the higher will be the resolution of the answer.
The most obvious overall result in Fig. 5 is that binding o.70 to core does not affect the great majority of the cut sites. Thus, the technique is not hypersensitive to small changes in conditions. However, a number of specific, reproducible changes are observed. We estimate that the uncertainty in assigning the sequence positions of the cut sites is +10 residues.
For the core enzyme, 39 fragments are produced on the (3 subunit; for the holoenzyme, there are 36. A distinctive series of four bands near (3 sequence positions 745, 764, 795, and 812 is present in the core but absent in the holoenzyme (Fig. 5, box  2) . The protection of this extensive region of the protein when o770 is bound to core appears to be due to steric hindrance-i.e., it appears to be part of the footprint of a70 on the , subunit of the enzyme. When one protein binds to another, an interfacial region typically encompassing 103-104 A2 becomes buried (40) . Our literature search for mutants mapped to this region of ( revealed a Glu-813 to Lys mutant with diminished catalytic activity (41) .
While conformational changes in DNA upon ligand binding often are not considered in detail, this possibility cannot be ignored with proteins. In Fig. 5, box 1, a 3 In contrast to ,B and ,3' , the a subunit was observed to migrate anomalously on SDS/PAGE; though its molecular mass is known to be 36 kDa, it moves as a 40-kDa protein. In Fig. 5 , a constant molecular mass correction of 4 kDa was applied when assigning the molecular mass of each fragment. A nested set of markers comprised of specific truncations of the a subunit may provide a more accurate determination of their true masses.
Other studies of o-core interactions have provided limited information on the sites involved. The use of chemical crosslinking has shown which subunits are adjacent to one another (12) (13) (14) . For example, McMahan and Burgess, using an aryl azide cross-linker, found that it was possible to cross-link unspecified amino groups on oa70 to all three of the subunits of core RNA polymerase. They investigated the a subunit further and demonstrated that a o-70-a cross-link occurred somewhere between a residues 209 and 329. The electrophoresis and blotting technology used here does not efficiently visualize fragments within -10 kDa of either the C or the N terminus, which may explain why no a 70-a interaction is evident in Fig.  4 .
Subunit interactions have also been studied genetically via deletion and site-directed mutations of the subunits. For example, Glass et al. (15) (Fig. 5, box 2 ) and a region near the middle of the /3' sequence (Fig. 5, boxes 3 and 4) , neither of which was implicated in previous studies by other techniques, are components of this site.
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